The motion of the solar system with respect to the cosmic rest frame modulates the monopole of the Epoch of Reionization 21-cm signal into a dipole. This dipole has a characteristic frequency dependence that is dominated by the frequency derivative of the monopole signal. We argue that although the signal is weaker by a factor of ∼ 200, there are significant benefits in measuring the dipole. Most importantly, the direction of the cosmic velocity vector is known exquisitely well from the cosmic microwave background and is not aligned with the galaxy velocity vector that modulates the foreground monopole. Moreover, an experiment designed to measure a dipole can rely on differencing patches of the sky rather than making an absolute signal measurement, which helps with some systematic effects.
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I. INTRODUCTION
Measurements of the redshifted 21-cm line are thought to be the most promising way of constraining reionization (EoR) [1] [2] [3] . They will teach us both about the astrophysics of this complex era in the evolution of the universe, as well as provide strong constraints on the value of the total optical depth to the surface of last-scattering, which will help with measurements of many cosmologically relevant parameters, most importantly the neutrino mass [4] .
Up to now, most experiments in the field have focused on either measuring the fluctuations in the 21-cm line by measuring the 21-cm brightness temperature and relying on the foreground smoothness to isolate it [5] [6] [7] [8] , or on attempting to measure the global signal, the monopole of the 21-cm radiation from the EoR [9] [10] [11] . The latter measurement is tempting, since the signal is relatively strong and simple back-of-the envelope calculations show that it should be easily achiveable based on SNR calculations. However, the experimental challenges are daunting: the foregrounds are brighter than the signal by orders of magnitude and vary very strongly across the sky, which makes calibration of the instrument and beams to the required level of precision is very difficult.
In this note we make a very simple point that one could attempt to measure the dipole of the signal rather than the monopole. Although the signal is reduced by a factor of around 200, the systematic gains are very significant. The problem is in many ways analogous to the Cosmic Microwave Background -measuring Cosmic Microwave Background (CMB) dipole is significantly easier than measuring the CMB monopole or the CMB temperature fluctuations. However, one should not take this analogy too far: while the sky signal on large scales is dominated by the CMB at frequencies above ∼ 1GHz, this is not true for the 21-cm EoR signal: a total dipole is going to be dominated by the foregrounds by order of magnitude at the relevant frequencies. * anze@bnl.gov
II. THE SIGNAL
While the details are poorly know, the general outline of the process of reionization and the general features of the evolution of the 21-cm brightness temperature with cosmic time is well known. We will not go into detail, but refer reader to well know reviews [3] . The upper plot of the Figure 1 shows the 21-cm global signal for a popular model.
Motion of the earth with respect to the cosmic rest frame modulates the dipole temperature as a function of frequency as
where δν/ν = v d /c cos θ ∼ 1.2 × 10 −3 cos θ is the amplitude of the dipole, θ is the angle with respect to the velocity vector of our motion with respect to the cosmic rest frame and T 0 and ∆T (ν) are the frequency independent and dependent monopoles. We see that the dipole signal has three components: the traditional frequency independent dipole, which would match the CMB dipole in the absence of foregrounds, the traditional boosting of the frequency independent signal due to Doppler shift and also a term that takes into account the frequency dependence of the EoR monopole signal: we see the signal blue-shifted in the direction of travel and red-shifted in the opposite direction. We plot both frequency dependent contributions in the Figure 1 . We see that the derivative signal dominates the signal. The total signal has the amplitude of about 0.5mK.
III. THE FOREGROUND QUESTION
The foregrounds, of course, are what is really difficult about these measurements. To give an impression of how difficult these can be, we plot a rough estimate of the foreground on Figure 2 at 60MHz. This figure is based on the Global Sky Models (GSM) from [13] . We have masked The monopole follows the model of [12] . Dipole has two terms, one proportional to the monopole and the other to its derivative in frequency direction. The latter dominates the signal. [13] masked where it exceeds 10,000K (left), dipole and quadrupole of the above map (which are likely be confused for a finite sky covarage experiment (middle) and the map of the expected signal (right). pixels with temperature above 10 4 K, since an experiment with a finite angular resolution would be able to optimally downweight bright parts of the sky. The middle panel shows the dipole and quadrupole of the foreground while the right panel shows the estimated signal at the same frequency.
FIG. 2. Estimated map of foregrounds at 60MHz using Global Sky Map
Note that one such map exist at every frequency. While a search for monopole can marginalise over the foreground model while subtracting it 1 , in dipole, the 1 In general, monopole experiments also rely on spectral smoothsame marignalisation can be done subject to constraint that the resulting dipole is aligned with the cosmic dipole at every frequency. This is a very informative prior.
ness of the foregrounds, but note that subtracting and marginalising foreground model subject to spectral smoothness prior is conceptually the same.
IV. WHAT EXPERIMENT WOULD MEASURE THIS
The most promising design the measuring this signal would be a differencing radiometer measuring the difference between two widely separated points on the sky. Unfortunately, unlike the CMB, where the signal above ∼ 1GHz is domimated by the CMB monopole, the foregrounds will dominate for EoR dipole measurement. This calls for a sufficient angular resolution to resolve the radio loud and radio quiet parts of the sky in order to allow optimal weighting [15] . Moreover, radio-loud parts of the foreground sky can be used to characterise the frequency response of the receiver antenna.
The usual techniques used in CMB instrumentation could be used to inoculate against most common systematic: by putting the two receivers on a platform that rotates sufficiently fast, one can calibrate the beam differences between the two horns and by using 180
• hybridisation one can remove the receiver 1/f noise. Note that while variations of these techniques can be used in the monopole measurement, they are considerably less efficient. Since the noise will always be dominated by the sky noise there is no need for cryogenicaly cooled receivers.
What sensitivity would be required to perform this measurement? The radio sky at 60MHz varies between 2, 000K and 40, 000K. Assuming an effective sky temperature of 10, 000K, a set of four differencing pairs could measure the signal at about 5σ over a course of a year. Of course, by weighting data optimally, one might hope to do significantly better than this [15] .
V. DISCUSSION & CONCLUSIONS
Differencing has proven to be one of the most successful paradigms in the experimental physics: differential measurements are easy, absolute measurements are hard. We apply this principle to the problem of measuring the EoR monopole. Due to our motion with respect to the cosmic rest frame, this signal is modulated in a dipole fashion. The amplitude of this dipole is supressed but somewhat less than v d /c factor due to a non-trivial frequency structure of the signal. This supression of the signal could be more than compensated by considerably easier systematic control in the dipole measurement:
• The direction of the CMB dipole is know very well and more importantly, the galactic foreground will have both a different true dipole and the doppler dipole of the foregrounds will be different: motion of the solar system with respect to the CMB is not the same as its motion with respect to the galaxy. This can be used to estimate the residual foreground contamination.
• The standard differencing techniques well known in the radio astronomy can be used to great advantage in this set up. This should help in dealing with radio frequency interference, the amplifier 1/f noise and the earth's atmosphere. However, the mean beam chromaticity will remain a significant issue.
• The signal derived in this way could be used to cross-check measurements derived from the monopole, since the information content is the same. In fact, one could imagine an experiment that would measure both at the same time.
• Since the signal is proportional to the derivative of the monopole with respect to the frequency, this technique could be potentially very efficient for reionization scenarios that happen rapidly.
We have made a back-of-the-envelope estimate of the require signal-to-noise and determined that signal is in principle measurable in a reasonable amount of time for a reasonable experiment. We hope that this warrants a more accurate forecasts, which would take into account the spactial and frequency variation of foregrounds and work out an optimal map-making scheme.
